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Abstract
Aims: To assess the endothelial function of the skin
microcirculation in chronic renal failure (CRF) indepen-
dent of hypertension,we investigatedthe changes of the
cutaneous blood flow induced by iontophoretic delivery
of acetylcholine (ACh) and of sodium nitroprusside
(SNP) in CRF patientsfree from arterialhypertensionand
in patients with essential hypertension. Methods:The
studyincluded20patientsaffectedby CRF (meancreati-
nine clearance 12 :t 2 mlfmin)without arterialhyperten-
sion (mean blood pressure 96 :t 1 mm Hg), 15 patients
affectedby essential hypertension (meanblood pressure
124:t 1 mm Hg),and 20 normal controls.Thechangesof
skin blood flow following iontophoretic delivery of ACh
and of SNP were measured by laser Doppler flowmetry.
Results:FollowingmaximalACh or SNP delivery, the
change of blood flow from the baselinewas similar both
innormals(683:t 92vs. 684 :t 87%) and in CRF patients
(778 :t 108vs. 803 :t 124%),whereas in the hyperten-
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sivestheresponsetoAChwas lowerthanto SNP (434 :t
48vs. 702 :t 98%, p <0.01).Since the third AChdelivery
dose,the skin blood flow increments were significantly
lower in the hypertensive than in the CRF or in the nor-
mal control groups, whereas no differencewas observed
between uremics and controls. Conclusions:The endo-
thelium-dependent hyperemiafollowing ACh iontophor-
etic delivery is impaired in the skin microcirculation of
essential hypertensivepatients,but this is notthe case in
CRF patients with no historyof arterialhypertension.
This suggests that CRF per se, independent of arterial
hypertension,is not associatedwithendothelialdysfunc-
tionof skin microcirculation.
Copyright@2000S. KargerAG, Basel
Introduction
Factorsfrequent1yfoundin rena1diseasepatients,such
as arteria1hypertension,hyperlipidemia,diabetes,and
hyperhomocysteinemia,c nnegativelyaffectendothe1ia1
cellfunctioning.Sinceendothe1iumdysfunctionmaybe
an earlymanifestationof the atherogenesisprocess,it
" cou1dbeimp1icateda1soin thehighcardiovascu1arrisk
reportedinuremicpatients[1-3].Evidenceexiststhatthe
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endothelium-dependentdilationof thebrachialarteryis
impairedin adultdialysispatientsand in childrenwith
chronicrenalfailure(CRF) [4-6].On thecontrary,exper-
imentaldatafailed to demonstratesimilar findingsin
mesentericarteriesof uremicrats[7].Moreover,up to
date,endothelium-dependentvasodilationofsmallarteri-
al vesselshasnotbeenstudiedin CRF patients.Several
reportshavec1ear1ydemonstratedthatessentialhyperten-
sionisassociatedwithendothelialdysfunctionbothin the
musc1evascularbedandin theskinmicrocirculationof
the forearm[8-11]. Since it is welI known that CRF
patientsareusualIyhypertensive,thequestionarisesas
to whetheruremia'per se'or thefrequent1yassociated
arterialhypertensioncannegativelyaffectheendothelial
celIfunctionin uremics.Hence,thearterialhypertension
anditspharmacologicaltreatmentcouldrepresentimpor-
tantconfoundingfactorsfor thestudyof endothelialdys-
functionin thesepatients.
The recentuse of iontophoresiscoupledwith laser
Doppler flowmetry[12] alIowsto assessthe real-time
changesof theskinbloodflow in anoninvasivemanner
[13-15].In addition,sincethedrugis deliveredlocallyin
theskin,systemiceffectsthatcouldinterferewiththeskin
microcirculatoryresponsesareavoided.
Hence,to assessthesmall-vesselendothelialfunction
in CRF independentofhypertension,weinvestigatedthe
changesof cutaneousblood flow inducedby the ionto-
phoreticdeliveryof an endothelium-dependent(acetyl-
choline;ACh) andof anendothelium-independent(sodi-
um nitroprusside;SNP) vasodilatorin patientswith ad-
vancedCRF, but freefromarterialhypertension,andin
patientswithessentialhypertension.
Patients and Methods
Subjects
Thestudypopulationinc1uded20CRF patientsfreefromarterial
hypertension(CRF group),15patientsaffectedbyessentialhyper-
tension(EHT)withnormalrenalfunction(EHT group),and20nor-
malcontrolsubjects(NC group).Thethreegroupsdidnotdifferas
farastheagewasconcerned(tablel).
Patientsandsubjectsolderthan65years,heavysmokers(more
than5cigarettesdaily),orthoseaffectedbydiabetesmellitus(fasting
glucoselevels>126mg/dl)orwithabnormallyelevatedcholesterol
plasmalevels(>240mg/dl)wereexc1uded.Subjectsmokingupto
5cigarettesdailywererequestedtorefrainfromsmokingfor 12h at
leastbeforexamination.
Bloodureanitrogen,creatinine,lectrolyte,cholesterol,triglycer-
ide,fastingglucose,totalproteinandalbumincirculatinglevels,as
wellashematocritandarterialbloodpressurevaluesof thethree
groupsareshownintablel.
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Table1.Characteristicsofthepatientgroupsandcontrols(mean:t
SEM)
TheCRF groupinc1uded9malesandII femalesaffectedbyCRF
(creatininec1earance12 :t 2ml/min),on conservativetreatment.
Thepatientswereselectedbecausetheywerenormotensivein the
absenceof antihypertensivetreatmentandfreefroma historyof
hypertension.
Diastolicbloodpressure>85mmHgand/orsystolicbloodpres-
sure>150mmHgwasregardedasexc1usioncriteria,aswellasthe
presenceofnephroticsyndromeorseverehyperhydration.Patients
treatedwithangiotensin-convertinge zyme-inhibitorsrwithangio-
tensinII receptorantagonists,asantiproteinuricagents,werealsonot
inc1udedinthestudy.
Theunderlyingrenaldiseasewastubulointerstitialnephritisin7
cases,chronicglomerulonephritisn3,polycystickidneydiseasein3,
congenitalbilateralhypoplasiain I, andunknownin6cases.
TheCRF patientswereonconservativetreatmentwitha stan-
dardlow-protein(0.6g/kg/day)dietorwithavery-Iow-protein(0.3gl
kg/day)dietsupplementedwithessentialaminoacidsandketoana-
logues[16],accordingto theresidualrenalfunction.Threeoutof
the20CRF patientsweretreatedwithlowdosesof erythropoietin
(2,000U twiceweekly).
The EHT groupinc1uded5 malesand IO femalesaffectedby
untreatednewlydiagnosedEHT, withnormalrenalfunction(creati-
nineplasmalevel<1.2mg/dl).NinemalesandIl femaleswithnor-
malrenalfunction,normotensiveandwithoutfamilialhistoryof
" essentialhypertension,formedtheNC group.All thesubjectsgave
theirinformedconsentforthestudy.
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Group
CRF EHT NC
Age,years 45:t3 49:t2 44:t3
Cholesterol,mg/di 183:tlO 188:t4 174:t3
Triglycerides,mg/dl 177:t18 96:t14 87:t6
Fasting lucose,mg/dl 91:t2 92:tl 90:tI
Creatinine,mg/dl 6.5:t0.5** 0.8:t0.0 0.8:t0.0
Bloodureanitrogen,mg/dl 49:t5** 13:t1 14:t1
Calcium,mg/dl 8.9:t0.1* 9.4:t0.1 9.3:t0.1
Phosphate,mg/dl 4.2:t0.2* 3.7:t0.1 3.8:t0.1
Potassium,mEq/1 4.4:t0.1* 4.0:t0.1 3.8:t0.1
Sodium,mEq/1 140:tl 141:t1 140:tl
Hematocrit,% 31.5:t 1.2** 40:tl 39:tl
Totalproteins,g/dl 7.0:t0.2 6.9:t0.1 7.1:t0.1
Albumin,gldi 4.0:t0.1 4.0:t0.1 4.1:t0.1
Bloodpressure,mmHg
Systolic 131:t3 172:t300 134:t4
Diastolic 78:t1 100:t200 78:t2
Mean 96:tl 124:t1o0 97:t2
*p<0.01,**p<0.001vs.EHT andvs.NC groups.
00 p<0.00I vs.CRF andNC groups.
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Fig. 1. Percentagechangefrom baselineof themaximalskin blood
flow followingACh or SNP iontophoreticdeliveryin theNC (open
columns), EHT (hatchedcolumns); and CRF (dotted columns)
groups.*p <0.05vs.NC andCRF groups.
Procedures
Endothelium-dependentor endothelium-independenthyperemia
was determinedby the combination of iontophoresisand laser
Doppler flowmetry.
Skin erythrocyteflow measurementswerecarriedout in a tem-
perature-controlledroom(22 :t 1oC), with the subjectslying in
supineposition,aftera 20-minacc1imatizationperiodoBeforestart-
ing,theskinofthe forearmwascarefullyc1eanedusinga1cohol.
Iontophoresishas been used to deliver vasoactivesubstances
acrossthe skin of the forearm,avoiding the systemiceffectsthat
couldinterferewith theskinmicrocirculatoryresponses.In fact,this
method allows to locally transferchargeddrugs acrossthe skin
throughasmallelectriccurrent[17].The currentstrengthschosenfor
ourstudywerewelltoleratedby themajorityofthe subjects,whereas
a mild pricklingsensationwasreportedin a fewcases.We havepre-
viously evaluatedthe effectof iontophoresiscurrent itselfon skin
blood flow: negligiblechangeswereinducedby the sameduration
and strengthof theelectriccurrentwe usedin thepresentstudy.A
drugdeliveryelectrode(PF 383;Perimed,Jarfàlla,Sweden)andan
indifferentelectrode(PF 384;Perimed) wereused.The electrode
chamber,with thelaserprobeplacedin themiddle,wasattachedto
thevolarsurfaceoftheforearmbya double-sidedadhesivedisk,ata
lO-mmdistancefrom thedrugdeliveryelectrode.
Before to be attachedon the skin, the drug deliveryelectrode
chamberwasfilledwith 62.5Jll of 1%ACh solutionandwith 62.5Jll
of 1% SNP solution. A battery-powerediontophoresiscontroller
(Perilout328,PowerSupply)wasusedtoprovidethecurrentfor drug
administration.After registrationof the baselineflow,ACh was
deliveredusingan anodalcurrent:six doses(0.1mA for 20 s each)
followedbyanothertwodoses(0.2mAfor20sand0.3mAfor20s)
weredeliveredwitha 60-secondintervalbetweeneachsingledose.
The 60-secondinterval was neededto achievethe plateauof the
hyperemiainducedbyeachACh delivery.
After a 1-minrecoveryperiod,SNP wasdeliveredusinga catho-
dalcurrent:two doses(0.1mA for 20 s each)followedby one dose
(0.2mA for 20 s)with a 180-secondintervalbetweentwosuccessive
doses.The 180-secondintervalwasneededto achievethesteacty
stateofthebloodflowresponsefollowingeachSNPdose.
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BeforeandduringACh or SNP delivery,theskinerythrocyteflow
wasmeasuredby meansof a laser Doppler flowmeter(Periflux
PF4001, standardprobePF408, Perimed).The laserDoppler probe
wasfixedwithin thedrugchamberto explorethesamesmallareaof
theskin.A laser beampenetratestheskinand it is partiallybackscat-
teredbymovingbloodcells.Accordingto theDopplerprinciple,a
frequencyshiftoccurs,generatingasignalthatislinearlyrelatedto
redcellflow,aspredictedby theoreticalndexperimentalmodels
[18-20].ThelaserDoppleroutputswererecordedcontinuouslyb
an interfacedcomputerequippedwith acquisitionsoftware(PC
Notebook;ZenithDataSystems,Taipei,Taiwan)andgivenasarbi-
traryunits(perfusionunits,PU). Calibrationwasperformedby a
devicecomposedofcolloidallatexpartic1es,theBrownianmotionof
whichprovidesthestandardvalue.Theskinbloodflowwasdeter-
minedasthemeanvaluerecordeduring60sateachdeliverystep.
Theabsolutemaximalresponsewasdefinedastheflowreachedafter
thelastdrugdelivery.
ThereproducibilityoflaserDopplerflowmetryhasbeenstudied
in stableemulsionwithan intra-assaycoefficientof variationof
about6%[20].Inhumans,thetechniqueshowsacoefficientofvaria-
tionof20-21%[21].
In orderto eliminatebaselinevariability,thebloodflow re-
sponsestoAChandSNPdeliverieswereexpressedaspercentchange
fromthebaseline[12,22].Similarly,theflowincrementfollowing
eachone of theeightiontophoreticallyappliedACh doseswas
expressedaspercentageof themaximalendothelium-independent
responseto SNP as follows:100.ACh-inducedflow/maxSNP-
inducedflow.
Statistics
All resultsareexpressedasmean:t SEM. Statisticalevaluation
wasperformedusingone-wayAnovaandtheStudentt testforpaired
data.ThehyperemicresponsesfollowingtheeightAChdeliverysteps
wereanalyzedby Anovafor repeatedmeasures;Scheffé'stestwas
appliedfor multiple-comparisontesting.Differenceswereconsid-
eredasstatisticallysignificantwhenp<0.05.
Results
Figure1showsthattheEHT patientshaveablunted
responseto ACh, whereasno differencebetweengroups
hasbeenobservedasfar as theresponsesto SNP were
concerned.To confirm,in theCRF group,theabsolute
incrementfrombaselinetomaximalflowfollowingACh
deliverywas similarto that obtainedby SNP delivery
(30.8 :t 3.0vs. 32.6 :t 4.2PU, respectively;n.s.),as it
occurredin theNC group(25.7:t 5.6vs.25.9:t 5.4PU,
n.s.).On theotherhand,in theEHT group,themaximal
ACh-inducedincrementof blood flow wassignificantly
lowerthanthatobtainedby SNP (20.7:t 2.3vs.39.1:t
6.3 PU; p < 0.01).AlthoughCRF patientshad lower
hematocritvalues(table1),theyshowedskinbloodflow
valuessimilarto normals(5.1 :t 0.6vs.4.5 :t 0.6PU;
n.s.)atbaseline.
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Fig.2.Skinbloodflowchangesfollowingthe
eightdosesofACh iontophoreticdeliveryin
theNC (solidline),EHT (dashedline)and
CRF (dottedline)groups.Thevaluesaregiv-
en aspercentageof themaximalflowob-
tainedbySNPdelivery.*p <0.001vs.NC
andvs.CRF groups.
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Figure2 showsthecutaneousbloodflowchangespro-
vokedbytheeightdosesofACh delivery.Theiontophor-
eticdeliveryof ACh wasfollowedby aprogressiveincre-
mentofcutaneousbloodflowin thethreestudiedgroups.
However,in theEHT groupthebloodflowchangeswere
significant1ylowerthanin theNC or in theCRF groups,
whereasno differencewasfoundbetweentheCRF pa-
tientsandtheNC subjects(fig.2).In thelattertwogroups,
thebloodflowcurvesin responsetoACh finallyreached
nearly100%of the maximalendothelium-independent
responseprovokedbytheSNP delivery.In contrast,ACh
deliverywas ableto induceapproximately75%of the
maximaldilationin theEHT group.
Discussion
Our resultsindicatethat essentialhypertension,but
not chronicrenal failure, is associatedwith impaired
endothelium-dependentvasodilationoftheskinmicrocir-
culation.
Endothelialcellsplayaprimaryrolein thelocalmodu-
lation of vasculartone by releasingvasodilatingsub-
stancesuchasnitricoxide(NO) anddilatorprostanoids,
andcontractingonessuchasconstrictorprostanoidsand
endothelins[23].The studyof the endothelium-depen-
dentvasodilationin chronicuremiais interestingbecause
endothelialdysfunctionis linkedwiththeinitiationand
accelerationof theatherosclerosisprocess[24],thatis a
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veryimportantdeterminantoftheprogressingrenalfail-
ureandof themorbidityandmortalityratesof uremic
patients.In chronicuremia,the endothelialfunction
couldbeimpairedbytheincreasedserumconcentrations
ofdimethylarginine,anendogenousinhibitorofNO syn-
thetase[25],orofendproductsfromproteincatabolism
abletoinhibitNO release[26].Ontheotherhand,studies
havedemonstratedthatNO productionis enhancedin
chronicuremiandthaturemicserumisapotentagonist
ofNO releaseinculturedendothelialcells[27].However,
intheskincirculation,thevasodilatorresponsefollowing
AChiontophoreticdeliveryseemstobemainlymediated
byendothelium-derivedprostanoidsratherthanNO pro-
duction[28,29].
Moreover,chronicuremiaisveryfrequent1yassociat-
edwitharterialhypertensionthat,byitself,canaccount
forendothelialdamage.Thispromptedustoselectarela-
tivelyrarepopulationofadulturemicpatientsfreefrom
arterialhypertension,aimingatevaluatingtheendothelial
functioninchronicrenalfailureindependentofhyperten-
slon.
Thepresentstudyprovidesevidencethattheendothe-
lium-dependenthyperemicresponseto ACh is notim-
pairedin theskinof chronicrenalfailurepatientsfree
fromahistoryofarterialhypertension.
This is in agreementwithresultsof therecentstudy
performedbyThuraisinghamandRaine[7]whodemon-
" stratedapreservedendothelium-dependentvasodilation
inthemesentericvesselsofuremicrats.
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On the other hand, differentconclusionswere
achievedwhentheresponsivenessof thebrachialartery
wasstudiedinuremicpatients.VanGuldeneretal.[4,5]
reporteda lowerthannormalendothelium-dependent
vasodilationof thebrachialarteryin chronicuremic
patients,eitheronhemodialysisoronperitonealdialysis
treatment,i.e.,in patientsufferingfroma moresevere
uremiathanthoseofourseries.Moreover,thesestudies
includedhypertensivepatientsonvariousantihyperten-
sivetreatmentswhichcouldrepresentimportantcon-
foundingfactors.Similarly,Kari etal.[6]demonstrated
animpairedendothelium-dependentila ionresponsein
childrenaffectedbypredialysisrenalinsufficiencyfree
fromarterialhypertensionandfromhypercholesterol-
ernia.Thisiscertainlyasuitablepopulationforstudying
theendothelialfunction,butit is surprisingthat,alsoin
the controls,the endothelium-dependentvasodilation
(8.6%)wasverylowwithrespecttothatobtainedbythe
directstimulus(23.3%),suggestingadifferentpowerbe-
tweentheendothelium-dependentand heendothelium-
independents imuliusedto inducebrachialarterydila-
tion.
In addition,thedifferencebetweenbrachialarteryand
cutaneousvesselscanreflectalsodifferentmechanisms
of endothelium-dependentvasodilation[28,29].A pre-
servedendothelium-deriveddilatorprostanoidproduc-
tionintheskinvasculatureofCRFpatients,independent
ofNOgenerationchanges,couldcontributeoexplainour
findings.
AlthoughtheCRF groupshowedlowerhematocritlev-
elsthannormal,similarbloodflowvaluesatbaselinewere
detected.Thisseemstoexcludesignificantvasoconstric-
tionorvasodilationthatcouldoverestimateorunderesti-
matetheresponsestoACh or to SNP deliveryin CRF
patients.
Our resultsalsoshowthatpatientswith essential
hypertensionhavea skinhyperemicresponseto ionto-
phoreticallyappliedACh doseslowerthanthatto SNP
ones.Thisis inkeepingwiththeimpairmentofendothe-
lium-dependentdilationintheskinmicrocirculation,al-
readydescribedin hypertensivepatientsusinganinva-
sivemethod[11].
Thepresentstudyrepresentsthefirstattempttoevalu-
atetheskinmicrocirculationresponsivenessin patients
withessentialhypertensiona dinpatientswithCRF,but
withnohistoryofarterialhypertension,usingtheionto-
phoreticdeliveryof ACh andSNP. Iontophoresisi a
techniquecommonlyusedtoallowthelocalabsorption
of drugsacrosstheskintissue.In clinicalpracticeit is
employedtotreatinflammatorydiseasesofskin,muscles,
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andtendons.In recentyears,iontophoresis,ncombina-
tionwithlaserDopplerflowmetry,hasbeenusedalsofor
evaluatingskin microcirculationandcutaneousblood
flowchangesfollowingdifferentpharmacologicalstimuli
in normals[14]andinpatientsaffectedbydiabetes[13]
andby systemicsclerosis[15].ActuallylaserDoppler
flowmetryisanoninvasiveinexpensivemethod,particu-
larlyvaluableforassessingthereal-timechangesin skin
bloodflow[12,30],althoughithasaquitehighvariabili-
ty.It dependsonthemanyvariablesaffectingcutaneous
bloodflowandontheintrinsicrapidandfrequentfluc-
tuationsofskinmicrocirculation.Dataprocessingmeth-
odshavebeensuggestedtoincreaseday-to-dayreproduc-
ibilityandtoeliminatebaselinevariability[12,22].This
isthereasonwhythedataareexpressedaschangefrom
thebaselineandaspercentageofthemaximalresponse
obtainedbytheendothelium-independentSNPvasodila-
tion.
Recently,thismethodhasbeenfurthervalidatedin
patientswithessentialhypertensionbyinfusingAChand
SNP intothebrachialartery[11].Thebluntedendothe-
lium-dependentvasodilationobservedusingplethysmog-
raphyin themusclevascularbedwasdetectedalsoby
laserDopplerinthecutaneousmicrocirculation.Thissug-
geststhattheskinvascularbedisagood'window'toeval-
uateendothelialfunctionandvalidatesthelaserDoppler
asa usefulnoninvasivetoolformeasurementof blood
flowchanges[12].
In summary,ourresultsdemonstratea preservedhy-
peremicresponsetoiontophoreticdeliveryofAChinthe
skinmicrocirculationfCRF patients,whereasit is im-
pairedinpatientsaffectedbyEHT.
ThesuggestshatCRF perse,independentofarterial
hypertension,isnotassociatedwithendothelialdysfunc-
tionoftheskinmicrocirculation.
Cupisti/Rossi/Placidi/Fabbri/Morelli/
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